Abstract. Semiconductors such as elemental silicon allowing both p-type and n-type doping are the backbone of current microelectronics industry, while the continuous progress in the fabrication techniques has been the key for the ever-increased integration density and device miniaturization. Similarly, in the strongly emerging field of transparent electronics both p-type and n-type compound semiconductors are needed that moreover should be transparent within the entire visible spectral range. Atomic layer deposition (ALD) has been the thin-film deposition method of choice for a number of challenging applications in microelectronics, and it would be highly relevant technology for the transparent electronics as well. Currently the appropriate p-type semiconducting compounds are far outnumbered by the n-type compounds. Hence there is an obvious quest for high-quality thin films of new p-type compound semiconductors. This is clearly seen in the increasing number of annually published ALD papers on p-type semiconducting materials. In this overview our intension is to briefly present the current state of research in the field by (i) summarizing the ALD processes so far developed for the various p-type (transparent) conducting material candidates, and (ii) highlighting the most prominent electrical transport and optical properties achieved for these thin films.
Introduction

Quest for New Transparent p-type Semiconducting Compounds
An important characteristics of the conventional semiconductor materials such as silicon and germanium is their inherent aptitude for both p-type and n-type doping in the same parent material; this has been the basis for the numerous well-known technological breakthroughs in microelectronics over the years. To realize the same pace of development in the strongly emerging field of transparent electronics, it would be extremely desirable to find new compound semiconductor materials that are not only optically transparent and electrically conducting but also allow both p-type and n-type doping. The difficulty lies in the unorthodox set of properties required for such materials. Firstly, the high electrical conductivity (implying towards metals or semiconductors) and the optical transparency (implying towards insulators) are rarely met in a single material. Secondly, the same material should allow both oxidation and reduction to facilitate both the hole and electron doping.
Another option is to search for pairs of different but mutually compatible p-type and n-type materials. Such p-and n-type semiconductor material pairs are highly demanded -besides the transparent electronics -for other applications as well, e.g., thermoelectrics, electrochromics and memristors. [1] [2] [3] To fabricate an analogous hetero transparent p-n junction, the ideal condition would be that the p-and n-type materials do not differ too much in their lattice parameters, and electrical mobility/conductivity and optical transparency values. However, these preferences are not constraints for the fabrication, as there are several transparent p-n heterojunctions reported for materials with significantly different lattice parameters. [4] For heterojunction devices the interface is usually very sharp (even on atomic scale). The large difference in lattice parameters or electrical conductivities could lead to depressed device performance as a result of strain-relaxed dislocation defects and/or resistive heating due to charge accumulation at the interfaces. Similarly the large difference in optical transparency may not optimally serve the purpose of a highly transparent active device. [5] In an ideal case, the two semiconducting materials would also possess, e.g., similar thermal expansion coefficients and fabrication temperatures. For example, when exposed to too high process temperatures or extended processing periods, the more temperature-sensitive material may be oxidized or reduced, [6] leading to the formation of unintended impurity phases or interfacial layers, detrimental to the device performance. Similar fabrication temperatures could also be useful for in-situ fabrication of the whole p-n junction device. For an efficient operation of a bipolar device, a long lifetime of minority charge carriers is needed which in turn would ideally require single crystal features for the materials. However, use of single crystal materials would be costprohibitive for large-area applications. [7] The interface properties need to be understood for improved bipolar oxide hetero-structure diodes. It has been observed that for type-II (staggered type) band matching, the interface recombination limits the ideality factor to values around 2, [8] which ultimately affects the interface recombination velocity. Therefore type-I (straddling type) and also type-III (broken gap type) interfaces for e.g. CdO/NiO, [9] need to be studied in more detail regarding the relative importance of thermionic, tunnel and recombination currents and their design and control. [5] Charge carrier mobility is a key to the enhanced performance of bipolar (and also unipolar) devices. In this respect, multi-anion (n-type) oxides are gaining increasing interest; one of the promising materials is ZnON. [10] Presently, the existing p-type semiconductor compounds are far outnumbered by the n-type compounds especially for the transparent electronics applications largely because of the native intrinsic defects in n-type materials are natural such that extrinsic electron doping makes the n-type material rather stable which is in a striking contrast to the hole doping of p-type materials. In p-type transparent conducting oxides (TCOs) hole conduction is hampered by localized O 2p orbitals and deep valence band maximum (VBM) levels where holes are trapped by oxide ions. There are many prominent n-type transparent conductors (TCs) available, in particular the TCOs such as Sn-doped InO2, Al-doped ZnO and F-doped SnO2, but very few p-type counterparts. [11] Therefore there is an urgent quest for new p-type (transparent) conducting (oxide) materials that moreover could be engineered into high-quality thin films and coatings for frontier applications. It should be however emphasized that even though the p-type materials are yet little in number, they have already found their way into many applications, mostly as unipolar or passive components in e.g. light emitting diodes (LEDs), solar cells, transparent conductors and solar water splitting, and many more nextgeneration advanced applications can be expected as summarized in Table 1 . High-performing transparent p-n junctions would greatly benefit applications such as large-area inorganic-LED (ILED) applications immensely useful for transparent displays, transparent thin film transistors (TTFTs) and functional 'windows' which are supposed to transmit the visible part of solar radiation while generating electricity by absorption of the UV part of the radiation. In recent years, promising results have been reported such as: highly rectifying (>10 10 ) oxide p-n diodes for ZnO/ZnCo2O4 [12] and ZnO/NiO [8] pairs, highly rectifying (>10 9 ) and completely transparent diodes for ZnO/CuI, [13] and highly transparent (~80%) diodes for SnO/SnO2 [6] with an ideality factor of ~3 and a large rectification ratio of ~10 3 . A recent review by Grundmann and co-workers [9] details the current advances in oxide bipolar electronics. Moreover, breakthroughs in bipolar transparent applications would benefit the unipolar/passive applications as well which are also important for the full realization of transparent electronics. Table 1 . Examples of application areas that are at different maturity stages but would be potentially benefitting from the progress in the field of p-type semiconductor thin-film materials. Also given is the desired set of physical properties for each application.
Importance of the Thin-film Fabrication Technique
For a majority of the existing and future applications of materials in electronics and optics, the active material needs to be fabricated as high-quality thin films or thin conformal coatings. For instance, for the metallic seed layer depositions in microelectronics for interconnect applications the conventional physical vapor deposition (PVD) technology is used. [14] However, for layers of thickness less than ~50 nm this technology is not viable due to conformality issues. The chemical vapor deposition (CVD) technology has been thought off as a way forward to overcome this problem but the difficulties in controlling the nucleation and interfacial adhesion of the metals to the common barrier metals on various substrates, and the toxicity, limited availability and arduous handling of precursors have made this as a partial success only. [15, 16] Figure 1. Scanning electron microscopy image of atomic layer deposited germanium antimony telluride coating, showing extreme conformality on a high-aspect-ratio substrate. Reproduced with permission. [19] Copyright 2009, American Chemical Society.
The state-of-the-art thin-film technology, i.e. atomic layer deposition (ALD), [17, 18] already utilized in advanced applications to deposit a wide range of functional inorganic materials is in general superiorly suited to address most if not all of the challenges faced by the thin-film fabrication technique in frontier electronics and optics applications. It is based on successive selflimiting surface reactions of separately introduced gaseous precursor pulses, and produces thin films and coatings of well-defined composition, density, thickness and uniformity on complex geometries. Thin films fabricated by ALD are highly conformal (Figure 1) , following nearly perfectly even extremely complex-shaped 3D surface architectures down to nanometer precision. [19] [20] [21] A well-known example showing the reliability and industrial feasibility of the ALD technique is the fabrication of HfO2-based gate dielectrics in Intel's Xeon microprocessors, in which ultrathin and pin-hole free films are required. The aforementioned widely documented capabilities of the ALD technique would be of fundamental importance in the emerging field of TCO thin-film technology as well, considering e.g. the important aspects related to surface passivation, defect chemistry and morphological properties. The attractive prospects for future applications have indeed triggered the recent efforts in ALD research on the topic, as clearly seen from the increasing trend of annually published ALD papers on p-type semiconductor materials in Figure 2 . 
Scope of the Present Review
Despite the rapidly growing interest on the topic, there are no comprehensive reviews on the use of ALD in the deposition of p-type conducting thin films. Therefore, it is the aim of this overview to present the current state of research in the field and in particular, (i) summarize the ALD processes so far developed for the various p-type (transparent) conducting material candidates, and (ii) discuss the electrical transport and optical properties of the thin films so far fabricated via these processes. Our intension is to highlight the wide range of p-type materials that can be fabricated by ALD, and illustrate both the advantages and limitations of ALD in the application space of these materials. Before addressing these main issues we will in the following devote short chapters to the current state-of-the-art in the development of (transparent) conducting compounds (Chapter 2) and to the basics of the ALD technique (Chapter 3). In Chapters 4 and 5, respectively, we then summarize and discuss the existing ALD processes for the p-type semiconducting compounds and the electrical transport and optical properties realized for these films, while Chapter 6 is a short summary of the current state and an outlook for the future perspectives and challenges in this scientifically exciting and industrially important field.
Brief Account of the Status of Transparent Semiconducting Compounds
Electron-doped Materials
The literature on transparent and electrically conductive materials is vast, but currently only few materials have reached the level of industrial interest. Historically, the very first TCO thin-film material reported was CdO; it was fabricated by Badeker [22] in 1907 by thermally oxidizing vacuum-sputtered Cd metal films. Cadmium oxide is still of scientific interest because of its high electron mobility, but the toxicity of cadmium has held back its widespread use. [23, 24] Another early TCO material candidate, antimony-doped tin oxide (Sb:SnO2) was used as transparent defroster coatings in aircraft windshields during the World War II. [25] Currently, Sn-doped indium oxide (Sn:In2O3; also known as indium-tin-oxide or ITO) captures more than 90% of the display market owing to its high conductivity up to ~10 4 S cm −1 , greater than 80% optical transmittance and ease of fabrication. [26] The most serious issue concerning the future role of Sn:In2O3 in transparent electronics and other mass applications is the price of the rather rare indium metal which has been continuously increasing in the last two decades. Therefore intensive research efforts have been devoted to explore e.g. F-doped SnO2, Al-doped ZnO, and graphene [27] as possible alternatives to Sn:In2O3. All the aforementioned most promising and thoroughly investigated TCO compounds are n-type materials, and thus not further discussed in the present paper. There are however comprehensive ALD reviews for some of these materials. [28, 29] 
Hole-doped Materials
The search for p-type (transparent) conducting materials ( Table 2 ) is more challenging owing to the intrinsic electronic structures of the candidate materials that typically lead to a strongly localized valence band. [30] The elaborate description of the electrical conduction in p-type oxide semiconductors is beyond the context of this review; for interested readers we recommend e.g. the review by Wang et al. [31] on the recent development of p-type oxide semiconductor materials. In short, the following two main issues should be considered: (i) formation energy of native acceptors (holes), and (ii) configuration of the transport path of the carriers. In n-type oxides the native electron donors are the anion (oxygen) vacancies which have low energy of formation and thus donate enough electrons for conduction, and the electron-transport path in the conduction-band minimum is mainly composed of cation (metal) s orbitals that are spatially spread thus facilitating the low effective mass and high mobility of electrons. In contrast, in p-type materials the native acceptors are the cation (metal) vacancies which have relatively high energy of formation and also get annihilated by the electrons donated by the native donors. Thus, the concentration of holes may not be high enough for the conduction of electricity. Moreover, the hole transport path in the valence band maximum is composed mainly of anisotropic and localized oxygen 2p orbitals which increases the effective mass of holes thus often leading to the low hole mobility in p-type oxides.
To alleviate the problem of localized states in the valence band maximum, Kawazoe and coworkers [32] proposed in 1997 the concept of "chemical modification of the valence band" (CMVB) (Figure 3) . The strength of the concept was demonstrated by the introduction of the CuAlO2 delafossite as a p-type TCO material for which the hole conductivity arises from the hybridization of O 2p orbitals with the closed-shell Cu 3d 10 orbitals. Subsequently, an entire series of p-type CuMO2 ( M = e.g. Cr, In, Sc, Y, Ga, B) delafossite TCOs were gradually discovered. [33] [34] [35] [36] [37] [38] [39] [40] Furthermore, the concept of CMVB was extended to the chalcogens (Ch) with the anticipation that replacing the electronegative O by a less electronegative S, Se or Te would allow the enhanced hybridization between the Cu 3d orbitals and the Ch p orbitals. This resulted in the identification of the two layered systems, LaCuOCh (Ch = S, Se) [41] [42] [43] [44] and Sr3Cu2Sc2O5S2, [45] as the most promising new p-type TCO materials in the last decade. Magnesium-doped LaCuOSe holds the record in ptype conductivity (910 S cm −1 ), but its bandgap (2.8 eV) is too small for optical transparency. More recently, a few new families of p-type TCOs such as the ZnIr2O4 spinels and Cr-based oxides were identified based on the CMVB scheme. [46] In the CMVB scheme, the metal cation d levels and the oxide anion 2p levels should have similar energies to realize the hybridization between them. This is a relatively stringent constraint. An alternative approach to the strong hybridization has been suggested as well, where the pseudoclosed ns 2 orbi tal s of m etal cati on s an d th e oxy gen 2p orbi tal s of simil ar en ergy l ev el s are hybridized. [47] [48] [49] Finally we like to mention that for a more thorough view of the existing p-type TCO materials there are several excellent recent reviews on the topic. -p-type character attributed to the formation of copper vacancies [53, 54] NiO -first candidate for p-type TCO, reported by Sato et al. in 1993 [55] CuAlO2 -first p-type transparent ternary semiconducting oxide, reported by Kawazoe et al. in 1997 -discovery led to the CMVB concept (chemical modification of the valence band) -based on CMVB several other delafossites CuMO2 (M = Al, Ga, In, etc.) and other phases (SrCu2O2, LaCuOCh (Ch = S, Se) were identified as TCO candidates [32, 56, 57] SnO -promising p-type performance, attracting considerable attention [47] [48] [49] -discovered based on an alternative design concept, with pseudo-closed ns 2 orbitals of metal cations and oxygen 2p orbitals having similar energy levels and forming strong hybridization; this lifts strong localization effect of oxygen 2p orbitals.
Atomic Layer Deposition in Brief
The history of the ALD technique is well documented in e.g. the review by Puurunen. [58] It was independently formulated by Aleskovskii and his group in the Soviet-Union in 1960s, [59] and developed by Suntola and co-workers for industrial application in Finland in 1970s. [60, 61] In their early patents Suntola and co-workers demonstrated ALD processes based on both element reactants, e.g. the Zn + S process for ZnS films, and compound reactants, e.g. the (Zn/Mn)Cl2 + H2S process for (Zn,Mn)S films and the AlCl3 + H2O process for Al2O3 films. Initially the technique was introduced as atomic layer epitaxy (ALE) when used to deposit ZnS thin films for flat panel displays. [60] Later -as most of the important processes are non-epitaxial -the more general name of ALD was adopted. [62] In atomic layer deposition the gas-phase precursors are exposed to the substrate in a sequential manner, separated by a subsequent inert-gas purging. A schematic illustration of the binary ALD process consisting of four fundamental operational steps is shown in Figure 4 . The unique feature of ALD is its self-limiting surface chemistry. Upon each precursor exposure, the precursor reacts selectively with the surface functional groups, without self-reacting or decomposing thermally. After the completion of the surface reaction at all accessible surface sites the film growth within that precursor pulse reaches to the saturation. Subsequently, the remaining molecules left in the gas phase after the saturation are purged away, and a second self-limiting precursor is introduced into the reactor chamber. Repeating these sequential precursor/purge exposures to a desired number of times thicker films of precisely controlled thickness can be grown (based on a so-called constant growth-per-cycle or GPC). As the proprietary application, conformal coating on ultrahigh-aspectratio structures (>2000:1) without gradients in thickness or composition is achieved by ALD. [63, 64] Step 1: introduction of the first precursor; the first precursor is typically a metal-bearing compound which reacts with the already present functional sites on the substrate to give a saturated adsorption growth via chemisorption.
Step 2: purge of the side product and excess precursor molecules with an inert gas pulse, e.g. Ar or N2.
Step 3: introduction of the second precursor; the second precursor is typically the oxygen, nitrogen or sulphur source, e.g. O3, H2O, NH3, or H2S.
Step 4: purge of the side product and excess precursor molecules with an inert gas pulse. Repeating these four steps for a desired number of times (depending on the growth rate) films with a precisely controlled thickness can be deposited.
The most unique feature of ALD is its self-limiting film growth nature that allows for excellent composition control, and e.g. well-defined mixtures, nanolaminates, and superlattices by exploiting this characteristics. [65] There are two common indicators that are expected for an ideal ALD process: (i) saturation of surface reactions such that an increase in the precursor pulse length does not increase the GPC value at the given deposition temperature, and (ii) linear film growth at the given deposition temperature such that the resultant film thickness is perfectly controlled by the number of ALD cycles. There are several important experimental parameters that may affect the ideal growth behavior, such as the choice of the substrate material. Also, in ALD literature the socalled ALD temperature window where a constant GPC is observed is often discussed. There are however many useful processes for which the self-limiting growth is satisfied and the growth of high-quality thin films is possible in a perfectly controlled atomic layer-by-layer manner at several different temperatures which do not exhibit the same GPC. Readers interested in the in-depth discussion on the factors affecting the ALD processes could find a number of useful reviews on the topic. [58, [62] [63] [64] 66] Not limited to niche applications, ALD is already explored for a wide range of applications, especially in the semiconductor industry. [67] The majority of ALD materials that have been deposited are metal oxides because of the commercial demand for thin-film dielectrics. [68] While the majority of ALD processes developed to date produce metal oxides, novel applications in areas such as energy storage, [69] [70] [71] [72] catalysis, [73, 74] and nano-photonics [75] are motivating interest in sulfides as well. For example, earth-abundant sulfide materials are of interest in solar cell applications as potential low-cost alternatives to silicon. [76] Moreover, ALD in combination with its purely organic variant viz. molecular layer deposition (MLD) is also gaining momentum for promising applications. [77] 4. ALD Processes for p-type (Transparent) Semiconducting Compounds
General Observations
So far, ALD processes have been developed for very few different p-type semiconducting compounds that can be considered as relevant candidates for TC applications. For some of these compounds several alternative processes are known. In Tables 2, 3 and 4, we summarize the ALD parameters used in the processes developed for the different p-type semiconducting binary oxides, ternary oxides and metal sulfides, respectively. The following general points can clearly be concluded from these tables.
1. Binary oxide films greatly outnumber the ternary oxide and metal sulfide films. This may be related to the complexity of the depositions involving more than two precursors and the difficulty in controlling the metal stoichiometry in such depositions.
2. In oxide depositions O2, O3 or H2O is the main oxygen source, whereas for sulfides H2S has been used as the source for sulfur.
3. The GPC values are in maximum in the range of 1-2 Å/cycle which is not very high but may be acceptable depending on the application such as interface passivation layers in solar cells, and deposition of thin insulating layers for transparent p-i-n diodes and thin electrodes.
4. Deposition temperatures for most of the films are around 200 o C, which is yet acceptable considering the requirements set by the typical polymer substrates such as polyether ether ketone (PEEK), polyethylene terephthalate (PET) and polyimides (e.g. Kapton), needed for the flexible p-type thin-film applications. Also, amorphous materials deposited through lowtemperature processes could bring some advantages (roll-to-roll deposition, amorphous substrates, large area devices, flexible electronics, etc.). A fully amorphous bipolar oxide diode based on zinc-tin-oxide has already been reported. [78] 5. Binary as-deposited films are generally crystalline, whereas ternary and quaternary films require an additional post-deposition annealing for crystallization.
6. Films can be deposited on almost all kinds of substrates from silicon to carbon nanotubes and nanopowder samples.
ALD of Binary p-type Metal Oxides
As can be seen from Table 3 , there are indeed a number of p-type conducting binary oxide materials for which an ALD process has been developed. However, it is to mention here that even though all the compounds listed in Table 3 have been reported to be p-type conductors in their bulk form, not all the thin films grown by ALD have been exclusively investigated for their p-type semiconducting characteristics. In several cases the ALD processes have been rather developed having the eye on other applications and other functional properties such as catalytic activity, barrier layers to stop carrier diffusion, etc. From the TCO application point of view very few have been explored. Ni(dmg)2 (190) Ni(apo)2 (130) Ni ( As was discussed in Chapter 2, SnO has shown promising p-type TCO performance. The relatively high hole mobility in SnO is largely due to the low defect-formation energy of Sn vacancies and to the creation of a suitable dispersed valence band maximum by the hybridization of Sn 5s and oxygen 2p orbitals. Soon after the theoretical discovery of the hole-transporting nature of SnO, p-type TFTs were successfully fabricated (not by ALD) with relatively high hole field effect and Hall mobility values. [188] [189] [190] However, SnO readily transforms to the n-type SnO2 phase. Thus to control the stoichiometry to SnO is the major challenge in the deposition of SnO. Recently, highquality single-phase SnO thin films with negligible impurity levels were deposited by ALD at low deposition temperatures of 90−210 °C using bis(1-dimethyamino-2-methyl-2propoxy)tin(II) and H2O as precursors.
Cuprous oxide Cu2O is also known as a promising p-type TCO, and it still holds the best p-type Hall mobility value (reported for films deposited by techniques other than ALD), which exceeds 100 cm 2 V −1 s −1 . [54, 191] There are several ALD processes reported for Cu2O, and also for CuO. However, the real p-type transparent device characteristics have yet to be demonstrated for these ALD-fabricated copper oxide films. Besides the p-type semiconductivity, some other potential applications for ALD copper oxide films were recently highlighted. For example, Wang et al. [143] reported the size-selective catalytic growth of nearly 100% pure carbon nanocoils with copper nanoparticles produced by reduction of ALD-CuO films. When these nanocoils were further coated with magnetic Fe3O4 or Ni by ALD the coated nanocoils with coaxial multilayer nanostructures exhibited remarkably improved microwave absorption properties compared to the pristine carbon nanocoils. [139] 
ALD of Ternary p-type Metal Oxides
As described in Chapter 2, ternary oxides and in particular the delafossites CuMO2 where M is a trivalent cation came into the radar to p-type TCOs research when Kawazoe and co-workers in 1997 proposed the design concept based on the hybridization between metal d and oxygen 2p levels. Since then considerable research efforts have been directed towards finding new potential p-type TCO candidates among this family. However, the ALD technique (Table 4) has not been in the very forefront in this research. This we believe is due to the limited availability of precursors and also to the challenges related to the optimization of ALD processes for multimetal systems. However, very recently promising results were obtained even for the quaternary Cu(Cr,Mg)O2 system. [192] The ALD process is based on Cu(thd)2 (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate), Cr(acac)3 (acac = acetyl acetonate) and Mg(thd)2 as metal precursors and ozone as the oxygen source. Smooth and Co(thd)2 (110) O3 Si, SLG, MgO, AlO, STO [187] Si = Silicon; BSG=Borosilicate glass; SLG=Soda lime glass; SiO = Silica; AlO = Alumina; Qz = Quartz; G = Glass; YSZ = yttria-stabilized zirconia; AAO = anodic aluminum oxide; FTO = fluorine-doped tin oxide coated glass substrates, STO = SrTiO3; (nBu3P)Cu(acac) = bis(tri-nn -butylphosphane)copper(I)acetylacetonate; dmap = dimethylamino-2-propoxide; hfac = hexafluoroacetylacetonate; dmb = dimethyl butane; dmamp = 1-dimethylamino-2-methyl-2-propanolate; dmamb = 1-dimethylamino-2-methyl-2-butanolate; dmg = dimethyl-glyoximato; Cp = cyclopentadienyl; EtCp = ethylcyclopentadienyl; MeCp = Methylcyclopentadienyl; apo = 2, amio-pent-2-en-4-onato; t Bu-MeAMD= bis(N,N′-di-tert-butylacetamidinate); t Bu = tert-butoxide; FeAMD = bis(N,N′-di-t-butylacetamidinate)iron(II) or iron bisamidinate; DMAMFc = N, N-(dimethylaminomethyl)ferrocene; DMP = bis 2,4-dimethylpentadienyl; CCTBA=dicobalt hexacarbonyl tertbutylacytylene; SOD = Spin-on dopant.
homogeneous thin films with an accurately controlled Mg content were obtained at the deposition temperature of 250 o C. In the deposition super-cycle, n*[(Cu(thd)2+O3) + 3*(Cr(acac)3+O3)] + [(Cu(thd)2+O3) + 2*(Cr(acac)3+O3) + (Mg(thd)2+O3)], the Mg-doping level could be accurately controlled by the choice of n up to a few mol-% substitution levels (down to n ≈ 10). Note that to achieve the Cu/Cr = 1 stoichiometry in the films, three times more Cr(acac)3+O3 cycles compared to the number of Cu(thd)2+O3 cycles were required. [197] Si = Silicon; BSG=Borosilicate glass; SiO = Silica; AlO = Alumina; Qz = Quartz; thd = tetramethyl heptanedionato; hfac = hexafluoroacetyl-acetonate; acac = acetylacetonato; Cp = cyclopentadienyl
ALD of p-type Metal Sulfides
Atomic layer deposition of metal sulfides is known since 1970s, [198, 199] but in recent years there has been a renewed interest in the topic presumably driven by the potential applications of these materials in advanced photonic and energy technologies. The earth-abundant sulfide materials are of interest in solar cell applications as potential low-cost alternatives to silicon. Recently an excellent review of ALD of metal sulfides was written by Dasgupta et al. [200] covering the photovoltaics, energy storage, and photonics applications. Here in the context of the present review we only report in Table 5 the ALD processes for the metal sulfides that are reported to be p-type semiconductors. Despite the vast ALD literature on metal sulfides, only a handful of the papers confirm the p-type semiconductivity for the films; the possible reason may be related to the inherent difficulties with sulfide ALD processes such as H2S toxicity, air reactivity, and ion-exchange problems. [58, 201, 202] However, with the recent advances in the field of ALD of metal chalcogenides it should be possible to find appropriate ways to overcome these problems. For example, ALD of sulfides has been successfully implemented over the past decade in each of the three roles common to most of the photovoltaic cells, i.e. absorber, emitter and buffer layer. [203] [204] [205] [206] [207] (160) SnTDMA (55) Zn ( Theoretically, materials with bandgaps in the range of 1.0 to 1.6 eV are expected to show a maximum power efficiency of 31-34% for single-absorber photovoltaics. Despite having a clear edge over metal oxides in terms of the bandgap, metal sulfides have not been widely explored. The ternary sulfide CuInS2 was the first solar absorber material successfully grown by ALD. [203] It belongs to the popular chalcopyrite material family known as direct-bandgap high-extinction absorbers. Even though the other members of the family, including CuInSe2, Cu(In,Ga)Se2 and Cu(In,Ga)(S,Se)2, have been reported to reach a power efficiency of 21% when deposited using other thin-film deposition techniques, similar ALD reports related to these materials are not found yet. At the same time it should be remembered that these materials contain scarce and expensive metals such as In and Ga, and may not be sustainable choices in a long run. Recently, ALD processes for thin films based on earth abundant material alternatives such as SnS and Cu(Zn,Sn)(S,Se)2 have been reported. So far the power efficiencies have remained low (~10%), but the systems certainly possess great potential to be scaled to terawatt levels. [204, 211, 235] Cupric sulfide Cu2S was extensively explored in the 1980s for thin-film photovoltaic applications but a stable Cu2S p-n junction is still elusive via conventional deposition techniques. Through ALD, though, highly stoichiometric, desirably doped (10 17 cm −3 ) and oriented crystalline Cu2S thin films have been fabricated. [216, 218] Moreover, using ALD-grown protective oxide overlayers the electronic properties of these films have been successfully stabilized against the oxidative effects of ambient exposure for at least one month which is promising considering the stable Cu2S p-n junctions. [219] Even though the stable Cu2S PV device has yet to be demonstrated, ALD of p-type SnS has produced record efficiencies of 4% after co-optimization with ALD-grown Zn(O,S). [236] Tin(II) acetylacetonate in alternation with H2S pulses produces lightly-doped (10 15 cm −3 ) thin films with high mobilities up to 10 cm 2 V −1 s −1 .
[ [210] [211] [212] 
Electronic Transport and Optical Properties of the Films
Despite the relatively large number of ALD processes developed for potential p-type semiconducting materials, very little is known about the electrical transport (electric conductivity, Seebeck coefficient and thermal conductivity) and optical properties of these thin films. One possible reason for the lack of such systematic and thorough characterization of the basic physical properties could be that the published works have typically concentrated on some specific application such as the use of the films in catalysis or sensors.
In Table 6 we summarize the room-temperature values of electrical resistivity, Seebeck coefficient and optical bandgap so far reported for the ALD-fabricated p-type semiconducting thin films. Particularly promising characteristics were recently realized for the delafossite-structured CuCrO2 and its Mg-doped derivative. [192, 194] For the latter Cu(Cr,Mg)O2 system, record-high p-type electrical conductivity (220 S cm -1 ) values -among the delafossite family -had been previously reported for thin films fabricated by PLD, but the transmittance values for these films in the visible range were as low as ~40%. [34] Most importantly, for the ALD-fabricated Cu(Cr,Mg)O2 films the high electrical conductivity value (217 S cm -1 ) was accompanied with the high optical transparency of ~80% (Figure 5 ). [192] Other recent results are for CuO films for which the electrical resistivity and Seebeck coefficient follow conventional semiconducting behavior, but an anomalous dependence of the optical bandgap on the film thickness was revealed. Generally, inverse-square-root dependence of the optical bandgap on the film thickness is expected, but for the ultrathin ALD CuO films a proportionalcubic-root dependence was observed. [79] The misfit-layered cobalt oxide [Ca2CoO3]0.62 [CoO2] has been known as an excellent p-type thermoelectric material in bulk form with the simultaneous high electrical conductivity, high Seebeck coefficient and low thermal conductivity. Also the thin films grown by ALD showed room-temperature Seebeck values of 113 and 128 μV/K for the oxygen-annealed and N2-annealed samples, respectively. Thus, with decreasing oxygen content, not only the lattice parameter c but also the Seebeck coefficient was found to increase. The electrical resistivity showed semiconducting temperature dependence with a value of 12 mΩ cm at room temperature for the oxygen-rich sample.
The main objective in the studies on N-and P-doped ZnO films has been to induce p-type conductivity to enable the fabrication of homodiodes based on ZnO. This has however been notoriously difficult for ZnO because of the high level of intrinsic carrier doping from oxygen vacancies and zinc interstitial defects. Nonetheless, both nitrogen and phosphorus were successfully incorporated to turn ALD ZnO films into p-type, [182, 184, 185, [238] [239] [240] albeit a post-deposition annealing was required to remove the n-type carrier doping from defects and donor impurities. The major drawback for the fabrication of homodiodes is the higher resistivity of the p-type ZnO films compared to n-type ZnO films. Another topic of debate has been the longevity of the p-type doping, although the p-type behavior of P:ZnO films was confirmed to remain stable for three months. [184] Very recently TiO2 -a well-known intrinsically n-type TCO material due to oxygen vacancies and/or titanium interstitials [241, 242] -was fabricated as p-type films by ALD both without external doping and with nitrogen doping. [115, 116] However, the origin of the uncommon p-type conductivity in the two cases seemed not to be the same. In the former un-doped case the p-type doping was assigned to be due to excess oxygen, [116] while in the latter N-doped case due to titanium vacancies. [115] Nonetheless, these films showed promising electrical and optical properties (Table 6) , and even homodiodes were fabricated using them (Figure 6 ). Figure 6 . I−V characteristics for the p−n junctions of ALD-fabricated (a) p-TiO2/n-TiO2, and (b) p-N:TiO2/n-TiO2 devices; the device architecture in both cases is shown in the inset; [115] re-published with permission.
Summary and Outlook
In this brief review, we have discussed the present status and future potential of the atomic layer deposition technique for the fabrication of semiconducting and in particular so-called transparent conducting thin films with p-type doping.
The field of p-type transparent conducting oxides and related p-type compound semiconductors in general has witnessed a steady development since 1997 when Hosono and co-workers reported the simultaneous p-type semiconductivity and transparency for the CuAlO2 delafossite. Despite this progress, the overall performance of transparent p-type compound semiconductors is still far behind the best performances of their n-type counterparts. The leading strategy to achieve the superior ptype TCO performance has been to look for materials where the holes of the top of the valence band could be delocalized through enhanced hybridization between the oxygen 2p and metal cation d orbitals. As the more recent design approaches, anions with the more delocalized p-orbitals such as S 2− , Se 2− and P 3− , and post-transition metals with ns 2 lone-pair states such as Sn 2+ , Pb 2+ and Bi 3+ , have been explored as constituents for the next-generation p-type TCO materials. Also, highthroughput computational screening could provide us with new insights into the rational material design, as was recently demonstrated by Hautier et al. [243] and Yan et al. [244] who identified e.g. the Ba2BiTaO6 and TaIrGe phases as new promising p-type TCO material candidates.
Atomic layer deposition has already established its position as the state-of-the-art thin-film technology in microelectronics, and as the demands for e.g. portability and complexity in many other frontier applications, particularly in invisible or transparent electronics and flextronics (flexible electronics), are continuously increasing, the uniquely advantageous ALD technique can be foreseen to play a major role in these new demanding applications as well. The p-type (transparent) semiconductor materials hold great promise not only in the transparent electronics but also in a number of other advanced applications such as low-power electronics, display applications, memories, gas sensors, electrochromics and photovoltaics. For these applications the great potential of ALD has not been fully harnessed yet, even though there are already promising ALD processes developed for p-type conducting materials with encouraging performances. In future, similar approaches as developed for p-type TiO2 films to fabricate transparent homodiodes could be explored for these new ALD-fabricated p-type conducting materials. The delafossite family of compounds is one of the obvious candidate systems for these efforts, as there are both promising p-type phases (starting from the CuAlO2 prototype) and compatible n-type phases (e.g. CuInO2 and AgInO2) known within the family, with elemental compositions that are highly relevant to the ALD technology.
For the p-type semiconductors to find a widespread adoption, several key issues need to be addressed. To name a few, the off-state current in p-type oxide TFTs is very high compared with the case of the n-type semiconductors, and must hence be reduced. This could be achieved by exploiting strategies that improve the semiconductor growth process and reduce interfacial defects that are notoriously common in p-type oxides. In this regard, depositing capping/passivating layers by ALD could be highly advantageous. Such ultrathin capping/passivating coatings is an area where ALD has in general contributed immensely to improve the interfacial properties of p-n junction devices. For example by reducing the interface defect density of Si by a thin passivation layer of Al2O3, the efficiency of Si solar cells has been significantly enhanced. [245] Similarly, very recently Kim et al. [114] reported enhanced p-type TFT performance for ALD-grown SnO films by surface passivation of the back-channel active layer of the device with an ALD-grown Al2O3 coating. Another advantage of ALD is that the films can be fabricated at relatively low temperatures. This is highly useful for flexotronics applications. The low deposition temperature is beneficial also for avoiding the native vacancy/interstitial defects in p-type oxides thus promoting the enhanced electrical and optical properties of these materials, as was the case for example with the p-type delafossite Cu(Cr,Mg)O2 thin films; here the electrical and optical functionalities were strongly enhanced for the ALD-fabricated films compared to the films prepared by conventional deposition techniques. [192] With the ever decreasing scale of many novel applications, the high degree of conformality that can be achieved with ALD will further increase the importance of the technology in the coming years.
